We cloned and sequenced an intronless actin gene from the amoebo-flagellate Naegleria fowleri, LEE strain, an opportunistic pathogen of man. Codon usage and third-position-codon nucleotide frequency were significantly different from Acanthamoeba, another amoeba genus which also includes opportunistic pathogens of man. Between the two amoebae, actin peptide sequences were 92.8% similar, while nucleotide sequences were only 70% similar. A phylogenetic reconstruction of actin amino acid sequences, using a distance method, placed Naegleria in a cluster with Plasmodium and Entamoeba.
Introduction
Naegleria fowleri is a free-living, amoebo-flagellate found in soil and freshwater where it feeds on other microbes. It is also a pathogen of man, invading the brain via the nasal mucosa. We used the LEE strain in which virulence to mice can be affected by culture conditions [l] . Amoebae grown in axenic culture exhibited low virulence while amoebae grown by serial passage in mouse brain exhibited increased virulence. Northern blots show an increase in actin transcripts associated with increased invasiveness of high virulence amoebae [2] . We cloned a genomic actin DNA to provide information on the structure of the gene and to begin phylogenetic analysis of protein encoding genes in amoebae. For comparison actin gene are pathogenic to man, infecting the eye and the central nervous system [3] . In spite of similarities in pathogenicity, evolutionarily Naegleria and Acanthamoeba are not related based on ribosomal sequences [lO,l 11. To examine their evolutionary relationship further, we compared Naegleria and Acanthamoeba codon usage and actin amino acid sequences, as well as actin sequences from Dictyostelium and other protozoa.
Materials and methods

I. Organism
The pathogenic free-living human pathogen N. fowleri, LEE strain, was cultured axenically in H4 medium in Corning 25 cm2 plastic tissue culture flasks with static incubation at 37°C as previously described [ 1,2].
Molecular methods
Molecular methods summarized below were described before [2] . A N. fowleri LEE cDNA library in pUC18 was screened with a 20-mer oligonucleotide (5'-TAGAAGCATTTTCTGTGCAC-3') probe synthesized by the Michigan State University Macromolecular Synthesis Facility. ( Table 1 ). The Molecular Evolutionary Genetics Analysis (MEGA) version 1.01 computer program [6] was used to align the sequences and to construct a phylogenetic tree by the Neighbor-Joining method using the Tajima-Nei distance calculation [6]. 
Results and discussion
Southern blot
An autoradiograph of a Southern blot of N. fowleri genomic DNA, probed with an actin cDNA insert (Fig. l) , suggested that actin genes of N. fowleri were a multigene family. A similar conclusion was reached in an electrophoretic karyotype study on N. gruberi [7] . The one cloned actin genomic sequence chosen for analysis (GenBank accession no. U37719) contained a coding region similar to but not identical to the actin cDNA sequence from N. fowleri LEE used as a probe for isolation (GenBank accession no. M90311). Amino acid no. 58 in the cDNA sequence (M90311) was valine (GTC) versus alanine (GCT) in the genomic DNA (U37719). Amino acid no. 278 in the cDNA sequence was threonine (ACT) while in the genomic DNA it was serine (TCT 
Genomic sequence
The actin sequence contained 1125 nucleotides encoding a 375 amino acid protein. The 5' and 3' flanking regions were sequenced and revealed a TATA-like sequence ATAATTATT beginning -65 relative to the +l of the A of ATG, and a possible polyadenylation signal AATAAAA 36 bases downstream of the stop codon TAA. The N. fowleri genomic actin sequence is similar to the actin genes that lack introns in Dictyostelium, Entamoeba, Giardia, Physarum, Plasmodium, Tetrahymena and Trypanosoma (GenBank accession numbers in Table   1 ). These are in contrast to an Acanthamoeba castellanii actin gene which does contain an intron [8] .
Moreover the A. castellanii actin intron is located in a unique position relative to actin intron locations in other organisms [9] .
obtained from the MEGA computer program [6] ( Table 1) . Acanthamoeba contained an elevated G+C content (88.8% G+C) while Naegleria was lower (40.4% G+C). Dictyostelium was similar to Naegleria with a G+C of 36%. Codon usage by N. fowleri and A. castellanii (Table 2) differed significantly.
Our analysis of differences in codon usage and the overall G+C composition of Naegleria and Acanthamoeba DNA suggests that oligonucleotide probes designed for genes of one genus may not hybridize to the homologous gene of the other genus. The codon usage table (Table 2) will be useful for design of oligonucleotide probes for Naegleria gene sequences. Because Dictyostelium exhibits a 36% G+C content and similar codon usage to Naegleria (Table 2) oligonucleotide probes synthesized from Dictyostelium gene sequences could be useful in cloning genes from Naegleria.
G+C'HI and codon usage
Phylogeny
For the organisms used for phylogenetic analysis (Table l) , the third-codon-position nucleotide frequency (G+C) for the actin gene coding region was Small subunit ribosomal nucleotide sequences have been used to infer phylogenetic relationships between Naegleria and other organisms [lO,ll] . However protein sequence comparisons may be more reliable than untranslated nucleotide sequences, particularly when comparisons include organisms with a relatively high A+T content in their genome [12] . There may be a selection in some organisms with high A+T content for an A+T in positions where it does not affect the function of the molecule. The function of the 18s rRNA is dependent upon secondary structure and thus changes in the nucleotide sequence could be tolerated as long as the secondary structure is preserved [12] .
The phylogenetic tree constructed from actin amino acid sequences (Fig. 2) places Naegleria with Plasmodium and Entamoeba in a cluster; Acanthamoeba and Physarum also form a separate cluster of similar actin genes. As reflected in the evolutionary distances, both Trypanosoma and Giardia are distantly related to each other and to the other protozoa analyzed. This tree includes organisms with different third-position-codon nucleotide frequencies (Table l) , e.g. Dictyostelium (36% G+C), with Physarum (74% G+C) and Acanthamoeba (89% G+C), so that G+C content does not correlate with evolutionary clusters of actin genes. In view of the high G+C content of Acanthamoeba, the Tajima-Nei distance analysis may not be the best distance estimate to use in constructing a phylogenetic tree. However, using the Tamura-Nei distance estimate, which may be appropriate for high G+C bias content [6], a similar phylogenetic tree was constructed.
